Abstract. T4 polynucleotide ligase efficiently catalyzes the head-to-tail joining of the ribo-oligoadenylates, r-(pA)8 and r-(pA)10, in the presence of high molecular weight deoxypolythymidylate. The enzyme also catalyzes the joining of deoxy-oligothymidylates, e.g., d-(pT)1o, in the presence of ribopolyadenylate. The enzyme failed to bring about the joining of r-(pA)1o when poly r-U was used as the template, although a slow formation of the expected activated intermediate from r-(pA)10 was detected.
Introduction. The polynucleotide ligase from bacteriophage T4 and the Escherichia coli ligase are known to repair single-stranded breaks in doublestranded DNA.1-' The action of the enzyme involves the formation of a phosphodiester linkage between a 5'-phosphomonoester group and a 3'-hydroxyl group when these are present at the site of a single-stranded break. In work reported from this laboratory, the chain lengths of the deoxyribo-oligonucleotides required for the enzyme-catalyzed joining reaction have been found to be quite small.6 '7 Because of the obvious interest in joining of ribopolynucleotides and also in joining of deoxyribo-oligonucleotides on ribonucleotide templates, several groups have previously tested the DNA-ligases for their capacity to bring about such joining reactions. These attempts were evidently uniformly unsuccessful.4b 6 With our own continued interest in these enzymes, we have reexamined the specificity of the T4 polynucleotide ligase with respect to the nature of the polynucleotides. We report in the present paper that, under slightly altered reaction conditions, the enzyme can bring about the joining of ribo-oligonucleotides on deoxyribopolynucleotide templates as well as the joining of deoxyribo-oligonucleotides on long ribopolyniucleotide templates.
Materials and Methods. Enzymes: T4 polynlucleotide kinase and Jigase were isolated, in cooperation with Dr. R. Kleppe, from E. coli cells infected with T4 am N82.
The enzymes were purified according to the procedures of Richardson and his coworkers26n except that both streptomycin and protamine sulfate steps were used. The specific activities of the enzyme preparations were comparable to those reported previously.2'8 One unit of T4 polynucleotide ligase is defined as the amount which catalyzes the transformation of 1 pmol of 32P-5'-phosphoryl termini of d-T10 to a form insusceptible to bacterial alkaline phosphatase, in one minute, using the assay conditions described previously.6 In addition, samples of T4 polvnucleotide ligase prepared by the original procedure,2b as well as a sample kindly provided by Dr. C. C. Richardson, were also tested in the joining experiments. All three preparations gave identical results. Bacterial alkaline phosphatase, electrophoretically purified and free of ribonuclease actiyity, was obtained from Worthington Biochemical Corporation.
Poly-and oligo-nucleotides: Poly (l-A and poly d-T were prepared from poly dA poly dT by separation of the strands in an alkaline cesium chloride density gradient. period, the whole reaction mixture was applied to a DEAE paper strip which was developed in 7 M urea-0.3 M ammonium formate for 2 hr. The strips corresponding to each aliquot were then scanned for radioactivity. The phosphatase-resistant material stayed at the origin while Pi moved away. The radioactivity present at the origin and in Pi was measured in a liquid scintillation counter as described previously.6 Characterization of the joined products: The joined oligonucleotides were separated from the starting material by gel filtration. Immediately before the material was loaded on the column, EDTA was added to the reaction mixture to a concentration of 0.03 M and the solution was heated to 100'C for 3 min to inactivate the ligase and to denature the duplexes. On the Sephadex G-50 columns used, the joined product was excluded whereas the starting material was included. Both the product peak and the peak of starting material were tested for resistance towards the phosphomonoesterase. In all cases good agreement with the kinetic data was found. Nearest-neighbor analyses were carried out on both the joined deoxyribo-and ribo-oligonucleotides. In the case of deoxyribo-oligonucleotides the sample was hydrolyzed enzymatically with micrococcal and spleen phosphodiesterase as previously described.12 Ribo-oligonucleotides were hydrolyzed in 0.4 M KOH for 16-18 hr at 370C and the sample was neutralized with the ion exchange resin Dowex 50 in its pyridinium salt form. The mononucleotides were separated in solvent system A: ammonium sulfate (60 g) -0.1 M sodium phosphate, pH 6.8 (100 ml) -n-propanol (2 ml) and by paper electrophoresis in 0.05 M citrate buffer (pH 3.5) using 35 V/cm across the paper strip.
Results. Joining of short riboadenylates on poly d-T: Figure 1 shows the kinetics of joining of short riboadenylates, r-32P-A6, r-32P-A8, and r-32P-A10 using poly d-T as template. As is seen under the conditions used in these experiments r-32P-A8 and r-32P-A,0 were joined at a rate two to three times greater than the little or no change was observed with ribo-oligonucleotides. One possible explanation for this observation is that upon mixing poly d-T and short-chain deoxyadenylates triple-stranded structures are formed which are slowly converted to double-stranded duplexes.4 13 The extent of triple-strand formation may be less in the case of the riboadenylates. The rate of joining of the riboadenylates could be further enhanced by increasing the concentration of the ligase. Control experiments showed that this joining was completely dependent on both the template poly d-T and ATP as is to be expected for a reaction catalyzed by T4 polynucleotide ligase. Ribopolyadenylates formed in the joining reactions were separated from the starting material by gel filtration on Sephadex G-50 as described in the preceding section. A typical elution pattern is shown in Figure 2 . The radioactivity in the first peak was 67% resistant to phosphatase while the succeeding peak (r-32P-A8) was 100% sensitive to the phosphatase. Before it was loaded on the column, 40% of the label in the reaction mixture was resistant to phosphatase. From the amount of phosphatase-resistant radioactivity in the first peak, it was calcu- ELUTION VOLUME (ml) lated that the average chain length of the joined material was 24 nucleotides, i.e., three r-32P-A8 molecules had joined end-to-end. For further characterization, products of the above reaction were hydrolyzed in alkali. The radioactive products of hydrolysis were adenosine-2'(3') phosphate and adenosine-2'(3'),5'- of T4 ligase-joined r-32P-As, r-33P-A10, and of r-33P-A10 (control). Products were separated in the solvent system: ammonium sulfate (60 g)-0.1 M sodium phosphate, pH 6.8 (100 ml)-n-propanol (2 ml). The samples were not treated with phosphatase before alkaline hydrolysis.
3'-nucleotides was approximately 1: 1. Upon electrophoresis, samples A and B gave only two radioactive spots, corresponding to 2'(3')Ap and 2'(3')pAp. Sample C (the control) gave one spot, corresponding to 2'(3')pAp. The ratio of mono-to di-phosphates was found to be in good agreement with that to be expected from the phosphatase resistance assay. When the joined product was treated with phosphatase before alkaline hydrolysis, only 2'-and 3'-Ap were Olivera and Lehman4 with the E. coli ligasecatalyzed joining of short d-A chains on long d-T templates. The explanation for this observation put forward by the authors was the conversion of a kinetically favored triple-stranded structure to a thermodynamically favored double-strand form, the latter being used by the enzyme. In other experiments of the present study, prolonged preincubation had no effect on the rate of joining.
